Sedimentary hopanes are pentacyclic triterpenoids that serve as biomarker proxies for bacteria and certain bacterial metabolisms, such as oxygenic photosynthesis and aerobic methanotrophy. Their parent molecules, the bacteriohopanepolyols (BHPs), have been hypothesized to be the bacterial equivalent of sterols. However, the actual function of BHPs in bacterial cells is poorly understood. Here, we report the physiological study of a mutant in Rhodopseudomonas palustris TIE-1 that is unable to produce any hopanoids. The deletion of the gene encoding the squalene-hopene cyclase protein (Shc), which cyclizes squalene to the basic hopene structure, resulted in a strain that no longer produced any polycyclic triterpenoids. This strain was able to grow chemoheterotrophically, photoheterotrophically, and photoautotrophically, demonstrating that hopanoids are not required for growth under normal conditions. A severe growth defect, as well as significant morphological damage, was observed when cells were grown under acidic and alkaline conditions. Although minimal changes in shc transcript expression were observed under certain conditions of pH shock, the total amount of hopanoid production was unaffected; however, the abundance of methylated hopanoids significantly increased. This suggests that hopanoids may play an indirect role in pH homeostasis, with certain hopanoid derivatives being of particular importance.
Bacteriohopanepolyols (BHPs) are a class of pentacyclic triterpenoids, generally referred to as hopanoids, that are found in a variety of bacteria. Bacterial hopanoids have been hypothesized to be surrogates of eukaryotic sterols primarily because of similarities in their biosynthesis and structure ( Fig.  1 A and B) (36) . Sterols have been shown to play an important role in stabilizing eukaryotic cell membranes and regulating membrane fluidity, as well as providing resistance to ethanol and heat shock stress (20, 57, 61) . Sterols are produced by all eukaryotes, and the membranes of animals, plants, and fungi have been shown to contain different types of sterols possibly with different physiological roles (20) . Usually, these sterols vary in their patterns of A-ring and side chain alkylation and unsaturation (16, 20, 40) . There are also a variety of sterol esters and steryl glycosides found in plants and yeast (41, 47) . Regardless of which sterols are produced by eukaryotic cells, all eukaryotic organisms require these molecules to survive (40) .
Hopanoids have been shown to localize to the cytoplasmic and outer membranes of certain bacteria (21, 24, 54) , and in vitro experiments have shown that these molecules are efficient in condensing artificial membranes and enhancing the viscosity of liposomes (3, 43) . As with eukaryotic sterols, there is also structural variation in hopanoids, where some are methylated at the C-2 or C-3 position and some are unsaturated, and the functionalization of the side chain can differ greatly (59) . To date, no genetic, biochemical, physiological, or environmental studies have been done that explain the biological significance of these modifications. A few studies have proposed that hopanoids enhance membrane stability and decrease membrane permeability in some bacteria, including Alicyclobacillus acidocaldarius (43) , Zymomonas mobilis (19) , Frankia sp. (4) , and Streptomyces coelicolor (44) . However, these studies did not utilize a genetic approach or in vivo experiments to conclusively elucidate the role of hopanoids in membrane structure and stability. Thus, the extent to which they are sterol surrogates remains an open question.
While understanding the function of hopanoids is interesting from a purely cell biological perspective, there is an additional motivation provided by evolutionary biology. Geochemists and geobiologists frequently utilize these compounds as "molecular fossils" or biomarkers (8) . In this context, biomarkers are organic compounds that are preserved in ancient sedimentary rocks and can be linked to specific organisms by analogy with their production in modern organisms (8, 9) . The use of these molecular fossils has proven to be a powerful approach to study and reconstruct both ancient and modern microbial ecosystems (8) . Sedimentary hopanes comprise one of the most abundant and ubiquitous types of extractable organic compounds in ancient rocks (8) and are unambiguously recognized as the chemical fossils of BHPs (35) . Because BHPs with an extended side chain and 35 carbon atoms are known to be produced only by bacteria, extended C 31 to C 35 sedimentary hopanes are thought to be specific to this domain (34, 49) . Furthermore, extended hopanes that are methylated at C-2 have been considered to be indicators of cyanobacteria, whereas C-3 methylated hopanes are thought to be diagnostic for microaerophilic methanotrophs and acetic acid bacteria (56, 64) .
To date, no studies have addressed the function of hopanoids in geologically relevant organisms, such as photosynthetic bacteria. The use of hopanoids as biomarkers would be greatly enhanced if they could be attributed to specific bio(geo)chemical processes as opposed to their use solely as taxonomic proxies. Hopanoids are not produced by all bacteria, and their distribution among these groups does not appear to follow a systematic pattern (8, 49) . Furthermore, specific sedimentary hopanes have been interpreted as biomarkers for certain metabolisms in modern microbes in the absence of direct experimental evidence linking the two. For example, BHPs methylated at C-2 were known to be produced in abundance by cyanobacteria, and taking this together with their prevalence in ancient marine petroleum source rocks, they were proposed as biomarkers not only for cyanobacteria, but also for oxygenic photosynthesis (49, 56) . However, there is no evidence that functionally links 2-methylbacteriohopanepolyols (2-MeBHPs) with oxygenic photosynthesis in modern cyanobacteria. Furthermore, the lack of studies addressing the regulation of the production of hopanoids in modern bacteria limits our ability to constrain these molecules to a specific bacterial group. An example is the recent discovery of significant 2-MeBHP production by the anoxygenic phototroph Rhodopseudomonas palustris, which had been previously tested and was thought not to produce methylated hopanoids (31, 48) . This demonstrated not only that organisms other than cyanobacteria are able to make 2-MeBHPs, but also that the production of these molecules depends on the growth conditions (48) .
Given these ambiguities, there are inadequate data to fully interpret the sedimentary hopane record. To begin to understand the physiological functions of hopanoids in photosynthetic bacteria and to compare these functions to those of sterols in eukaryotes, we generated and characterized a hopanoid deletion mutant of the genetically tractable anoxygenic phototroph R. palustris TIE-1.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . Escherichia coli strains were grown in lysogeny broth (LB) at 37°C. E. coli strain BW29427 was supplemented with 60 M diaminopimelic acid. For aerobic chemoheterotrophic growth, R. palustris strains were grown in unbuffered YP medium (0.3% yeast extract, 0.3% peptone) at 30°C in the dark with shaking at 250 rpm. Buffered YP medium was prepared by adding 100 mM MES (4-morpholineethanosulfonic acid) for pH 4.5, 5, and 6; 100 mM MOPS (4-morpholionepropanesulfonic acid) for pH 7; or 100 mM bicine [N,N-bis(2-hydroyxethylglycine)] for pH 8 and pH 9 and adjusting the medium to the desired pH with concentrated HCl or NaOH prior to autoclaving it. For anaerobic phototrophic growth, R. palustris strains were grown in anaerobic bicarbonate-buffered freshwater (FW) medium (22) . Unless otherwise noted, FW medium was supplemented from sterile anoxic stock solutions with 2 mM sodium acetate for photoheterotrophic growth and 2 mM sodium thiosulfate for photoautotrophic growth. All anaerobic cultures were flushed and pressurized to 5 lb/in 2 with N 2 /CO 2 (80%/20%) and incubated at 30°C at 50 W/m 2 without shaking. For anaerobic photoheterotrophic growth at acidic and alkaline pH, FW medium was prepared without bicarbonate in the medium or CO 2 in the headspace to prevent fluctuations in the pH. Anoxic acidic medium was buffered with 50 mM MES, and alkaline medium was buffered with 50 mM HEPES [4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid], and the headspace was flushed with N 2 rather than N 2 /CO 2. This medium was supplemented with 10 mM acetate, and the pH was adjusted both before and after autoclaving. For growth on solid medium, LB or YP was solidified with 1.5% agar and supplemented, if necessary, with gentamicin at 20 g/ml (E. coli) or 800 g/ml (R. palustris), kanamycin at 50 g/ml (E. coli) or 400 g/ml (R. palustris), spectinomycin at 100 g/ml, or bile salts at 1.5%. For growth curves and doubling-time calculations, exponential-growth-phase cells were inoculated in triplicate into the appropriate medium with a 1% inoculum and monitored for growth by following the increase in absorbance at 600 nm over time. Absorbance at 600 nm versus time was graphed on a log scale, and the slope of the curve was used to determine the growth rate constant, k. The doubling time, g, was calculated from the following equation: g ϭ ln(2)/k.
DNA methods, plasmid construction, and transformation. All plasmid constructions and primers used in this study are described in Table 1 and Table 2 porator 2510 (Eppendorf, Hamburg, Germany) as recommended by the supplier. Plasmids were mobilized from E. coli S17-1 or BW29427 into R. palustris by conjugation on YP agar plates that were incubated overnight at 30°C (23, 39) .
Construction of an R. palustris shc deletion strain. The shc deletion strain was constructed in R. palustris TIE-1 as previously described (22, 23) . Briefly, a deletion plasmid construct, pPVW6, was made by fusing 1 kb of the shc upstream region with 1 kb of the downstream region in the suicide vector pJQ200SK (46) . pPVW6 was integrated onto the R. palustris TIE-1 chromosome through homologous recombination with either the shc upstream or downstream region. Because pJQ200SK contains a gentamicin resistance marker, as well as the sacB gene, the resulting R. palustris strain was both gentamicin resistant and sucrose sensitive (46) . To remove the plasmid from the chromosome and generate the ⌬shc mutant, one gentamicin-resistant colony was grown in YP broth without any antibiotic selection for 2 days. Because loss of pPVW6 from the chromosome restored sucrose resistance, serial dilutions were plated on YP agar supplemented with 10% sucrose. Several sucrose-resistant colonies were verified as deletion mutants by PCR (data not shown), and one ⌬shc colony was picked for further characterization. A more detailed explanation of the method used to generate this mutant is presented in the supplemental material.
Complementation of the ⌬shc strain. The shc gene plus 1 kb upstream and downstream of the gene was PCR amplified with primers PW25 and PW26 using the Failsafe PCR System. The 4-kb PCR fragment was cloned into the cloning vector pCR8.1 using the pCR8/GW/TOPO TA cloning kit (Invitrogen, Carlsbad, CA) and electroporated into E. coli DH10B. The complementation fragment was subcloned from pCR8.1 into pBBR1MCS-2, a cloning vector shown to selfreplicate in R. palustris TIE-1 (23, 27) . The resulting plasmid, pPVW8, was transformed into the E. coli mating strain BW29427 and mated into the ⌬shc mutant strain on YP agar plates supplemented with diaminopimelic acid (23) . Transformants were selected on YP agar containing 400 g/ml kanamycin. Kanamycin-resistant colonies were screened for the presence of pPVW8 by PCR. All growth conditions included kanamycin at 400 g/ml to maintain the plasmid in this strain.
Electron microscopy of R. palustris strains. R. palustris cultures were grown chemoheterotrophically as described above. Mid-exponential-and late-stationary-phase cultures were harvested by centrifugation (5,000 ϫ g for 10 min) and washed twice in 50 mM HEPES buffer (pH 6.8). The cells were enrobed in 2% (wt/vol) Noble agar and placed in 2% glutaraldehyde for 2 h. The agar blocks were then washed twice in HEPES buffer and fixed in 2% osmium tetraoxide (OsO 4 ) for 2 h, followed by 2% (wt/vol) uranyl acetate staining for 2 h. The blocks were then dehydrated through a graded ethanol series (25%, 50%, 75%, 95%, and three times at 100%) for 15 min in each solution. The blocks were suspended in a 50/50 ethanol/LR White resin, a polyhydroxy-aromatic acrylic resin, solution for 30 min, followed by 100% LR White for 1 h. Samples were then embedded in gelatin capsules filled with fresh LR White resin, which was allowed to polymerize at 60°C for 1 h. The capsules were thin sectioned on a Reichert-Jung Ultracut E ultramicrotome, and ultrathin sections were mounted on Formvar carbon-coated copper grids. To improve contrast, the grids containing thin sections were poststained in 2% (wt/vol) uranyl acetate. Electron microscopy was performed on a Jeol JEM-1200EXII transmission electron microscope.
qRT-PCR. For exponential-phase versus stationary-phase assays, R. palustris TIE-1 was grown aerobically in 10 ml of unbuffered YP medium. All 10 ml of , incubated for 5 min at room temperature, and centrifuged for 20 min at 5,000 ϫ g. RNA was extracted from the cell pellet using the RNeasy Mini Kit (Qiagen, Valencia, CA). Genomic DNA contamination was removed from each RNA sample with Turbo DNA-free DNase (Ambion, Foster City, CA). cDNA was generated from 100 ng of the extracted RNA with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). The cDNA (2 l) was then used as a template for quantitative PCR using the iTaq SYBR green Supermix with Rox (Bio-Rad, Hercules, CA) and primers PW140 and PW141, which are specific for the shc gene. All samples were assayed in triplicate, and the cycle time was determined automatically by the Real Time 7500 PCR software (Applied Biosystems, Foster City, CA). Primers (Integrated DNA Technologies, Coralville, IA) for quantitative reverse transcriptase (qRT) PCR were designed using Primer3 software (50) and are listed in Table 2 .
For pH shock assays, R. palustris TIE-1 was grown either chemoheterotrophically in 100 ml of YP medium buffered at pH 7 with 100 mM MOPS or photoheterotrophically in 10 ml FW medium supplemented with 10 mM acetate (N 2 headspace) and buffered at pH 6.5 with 50 mM MES. For chemoheterotrophic assays, 50 ml of cells was removed in late stationary phase (72 to 96 h; OD 600 , 0.3 to 0.4) and split into five tubes (10 ml/tube). The cells were centrifuged at 5,000 ϫ g for 20 min at 4°C. The pellets were resuspended in 5 ml of sterile YP medium buffered with 100 mM MES (pH 5 and 6), 100 mM MOPS (pH 7), or 100 mM bicine (pH 8 and 9) and incubated for 30 min at 30°C in the dark with shaking. For photoheterotrophic assays, all treatments were done under anoxic conditions. Eight milliliters of stationary-phase cells (48 h; OD 600 , 1.3 to 1.5) was split into four tubes (2 ml/tube) and centrifuged at 10,000 ϫ g for 1 min at room temperature. The cells were resuspended in 2 ml of sterile anoxic FW medium buffered with 50 mM MES (pH 6.5) or 50 mM HEPES (pH 7.5, 8.0, or 8.5) and incubated for 30 min at 30°C in the light without shaking. After the pH shock incubation, both chemoheterotrophic and photoheterotrophic cells were immediately transferred to twice the cell volume of RNAprotect Bacteria Reagent (Qiagen, Valencia, CA), incubated for 5 min at room temperature, and centrifuged for 20 min at 5,000 ϫ g. RNA extraction and qRT-PCR were performed as described above.
To generate a standard curve of the shc amplicon (12), an 847-bp fragment of the shc gene with the T7 promoter inserted at the 5Ј end was amplified with primers PW136 and PW137. The PCR product was gel purified using the Qiagen Gel Extraction Kit (Qiagen, Valencia, CA), and 100 ng of the PCR product was used in the Megascript T7 Kit (Ambion, Foster City, CA) to generate an in vitro-transcribed sense RNA transcript. The transcription reaction mixture was treated with Turbo DNA-free DNase to remove any DNA template and further purified with the Megaclear Kit (Ambion, Foster City, CA) to remove unincorporated nucleoside triphosphates, enzymes, and buffer components. The concentration of each transcript was determined by averaging triplicate measurements of its concentration on a NanoDrop 1000 (Thermo Scientific, Waltham, MA). Assuming the average mass of a ribonucleotide was 340 Da, the concentration of each transcript was converted to copy numbers/l, diluted to 2 ϫ 10 10 copies/l, and stored at Ϫ80°C. The standard curve was generated by performing two independent 10-fold serial dilutions of the RNA standard and using 5 l of each dilution in the reverse transcription reaction. Two microliters of the cDNA was used as a template for quantitative PCR using the shc-specific primers PW140 and PW141. A standard curve was generated by plotting cycle time values against the log of the initial copy number. The copy number of shc transcripts in each RNA sample was calculated after real-time amplification from the linear regression of the standard curve.
Total hopanoid quantification in R. palustris TIE-1. For comparison of hopanoid abundances in exponential versus stationary phase, R. palustris TIE-1 was grown under chemoheterotrophic and photoheterotrophic conditions. Cultures (1 liter) were harvested in log phase (17 h after inoculation; OD 600 , 0.1 to 0.2) or stationary phase (72 to 96 h after inoculation; OD 600 , 0.3 to 0.4 for chemoheterotrophic growth and 0.9 to 1.0 for photoheterotrophic growth) by centrifugation at 5,000 ϫ g for 20 min at 4°C. The cells were washed once in 10 ml of unbuffered YP medium, and the cell pellets were frozen and lyophilized overnight.
For hopanoid quantification after pH shock, R. palustris TIE-1 was grown aerobically in YP medium (1 liter) buffered at pH 7 with 100 mM MOPS to late stationary phase (72 to 96 h; OD 600 , 0.3 to 0.4); 900 ml of culture was removed and split into three centrifuge bottles (300 ml/bottle). The cells were centrifuged at 5,000 ϫ g for 20 min at 4°C. The pellets were resuspended in 150 ml sterile YP medium buffered at pH 5 (100 mM MES), pH 7 (100 mM MOPS), or pH 9 (100 mM bicine) and incubated overnight with shaking at 30°C in the dark. The cells were pelleted at 5,000 ϫ g for 20 min at 4°C and washed once with 10 ml of the appropriate YP medium (at pH 5, 7, or 9). The cell pellets were frozen and lyophilized overnight.
GC-MS analysis. For initial hopanoid analysis of the ⌬shc mutant (Fig. 2 ), cells were grown chemoheterotrophically in 250 ml YP to late stationary phase (5 days). The cells were harvested by centrifugation at 5,000 ϫ g for 20 min at 4°C. The cell pellets were frozen and lyophilized overnight in a VirTis K-series freeze dryer (VirTis, Gardiner, NY). Lipids were extracted by sonicating the cells in Teflon centrifuge tubes (VWR, Bridgeport, NJ) for 15 min at room temperature in 10 ml of 10:5:4 methanol (MeOH)/dichloromethane (DCM)/water (5). Samples were centrifuged for 10 min at 3,000 ϫ g, and the supernatant was transferred to a new tube. The cell pellets were sonicated again in 10 ml of MeOH/DCM/water and centrifuged, and the supernatant was combined with the first extraction. The samples were separated into two phases by adding 10 ml each of DCM and water and centrifuged for 10 min at 3,000 ϫ g, and the organic phase was transferred to a new vial. To the remaining aqueous phase, 10 ml each of DCM and water was added again and centrifuged, and the organic phase was Table  S1 in the supplemental material. At this point, we have not identified compound IV, and it remains unclear whether this is a true hopanoid product of R. palustris TIE-1 or a degradation product of the hightemperature hopanoid analysis method.
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jb.asm.org again removed and combined with the previous extraction. This was repeated two more times for a total of four extractions. The total lipid extract was evaporated under N 2 and derivatized to acetate esters for gas chromatography/ mass spectrometry (GC-MS) analysis by incubation in 100 l of 1:1 acetic anhydride/pyridine for 1 h at 70°C. To suppress the decomposition of unstable compounds, the derivatized samples were injected directly into acetic anhydride/ pyridine. For total hopanoid quantification in R. palustris TIE-1 (see Table 4 ), dry cells were weighed and then extracted by ultrasonication in a mixture of 10:5:4 MeOH/DCM/water (5). This total lipid extract was dried at room temperature under N 2 , weighed, and redissolved in DCM. A 0.5-mg aliquot of the total lipid extract was taken for GC-MS analysis, and an internal standard (7 g epiandrostanol) was added. This mixture was acetylated by heating it with acetic anhydride/pyridine at 80°C for 15 min.
The lipid extracts were analyzed by GC-MS, and we employed a novel protocol for high-temperature GC-MS analysis that allowed functionalized BHPs to be directly analyzed. For the initial analysis of the ⌬shc mutant (Fig. 2) , lipid extracts were separated on a Hewlett-Packard 6890 series gas chromatograph equipped with a DB1-HT column (15 m by 0.25 mm [inside diameter] by 0.1-m film thickness) with helium as the carrier at a constant flow of 1 ml/minute and programmed as follows: 80°C for 2 min, ramped 10°C /minute to 360°C, and held 20 min. One microliter of the sample was injected into a Gerstel programmable temperature vaporization injector operated in splitless mode at 80°C and programmed to 360°C at 720°C/minute, where it was held for the duration of the run. The gas chromatograph was coupled to a 5975 series MSD (mass selective detector) with the source at 200°C and operated at 70 eV in EI (electron ionization) mode scanning from 50 to 850 Da in 0.5 s.
For total hopanoid quantification of R. palustris TIE-1 (see Table 4 ), lipid extracts were separated on a Thermo Scientific TraceGC. Samples were injected into a programmable temperature vaporization injector operated in splitless mode at 60°C with a 2-mm (inside diameter) deactivated glass liner and programmed to 325°C for the duration of the run. A DB-XLB column (30 m by 0.25 mm by 0.10-mm film thickness) was employed and was temperature programmed from 100 to 350°C, holding 15 min at the maximum temperature. The GC was coupled to a Thermo DSQ mass spectrometer with the source at 220°C and operated at 70 eV in EI mode scanning from 50 to 750 Da in 0.3 s. Using this program, bacteriohopanetetrol acetate eluted in approximately 38 min, while the desmethyl and 2-methyl homologs remained chromatographically resolved. We did not observe the bacteriohopaneaminotriol using this method and column, although its presence was detected using the DB-1HT GC-MS method described above and has been previously observed by liquid chromatography-MS analyses (48) .
Compounds were identified by comparison of retention times and mass spectra to those of authentic compounds (tetrahymanol from Trimyema sp., diplopterol from Methylococcus capsulatus, and bacteriohopanepentol from M. capsulatus) and published mass spectra (hopenes [55] and tetrahymanol [60] ). Retention times and molecular ions are listed in Table S1 in the supplemental material. Methylation at C-2 was confirmed for bacteriohopanetetrol by comparison of mass spectra and retention times with those from Phormidium luridum (48) . For all other compounds, C-2 methylation was inferred from the shift of fragments with m/z 191 to 205 and m/z 369 to 383 and from the relative retention time compared to the desmethyl homolog (ϳ0.15 min earlier). Concentrations and 2-methyl/desmethyl ratios were calculated by comparing total ion chromatogram peak areas between the analytes and the internal standard and assuming identical response factors. This assumption was required because no pure standards are available for these compounds.
RESULTS
A squalene-hopene cyclase deletion mutant in R. palustris TIE-1 does not produce hopanoids. To better understand the physiological role of hopanoids in photosynthetic bacteria, we constructed a deletion mutant in R. palustris TIE-1 that no longer produced any hopanoids. A key step in the biosynthesis of hopanoids is the cyclization of squalene to the basic hopene structure, diploptene (Fig. 1C) (26) . This reaction is catalyzed by the squalene-hopene cyclase, which is encoded by the shc gene (42) . Utilizing the genomic data available from the R. palustris TIE-1 genome, we identified and made an in-frame deletion of the shc gene in this organism. The resulting ⌬shc mutant accumulated a significant amount of squalene and did not produce any hopanoids, nor did it produce the triterpenoid tetrahymanol (Fig. 2) . As can be seen in Fig. 1A , tetrahymanol differs from the hopanoids in having a six-membered E ring and no functionalized side chain. Previous in vitro characterization of the Shc protein from R. palustris demonstrated that the enzyme was able to convert squalene to diploptene but not to tetrahymanol (26) . For that reason, it was presumed that another cyclase was involved in tetrahymanol biosynthesis. However, the deletion of shc in R. palustris showed that the Shc protein is indeed required to form this pentacyclic triterpenoid in vivo.
To verify that the deletion of shc was responsible for the loss of hopanoid production, a copy of the TIE-1 shc gene was introduced into the ⌬shc mutant on a self-replicating plasmid. Although the complemented (⌬shcϩpPVW8) strain still accumulated squalene, the strain was now able to produce all of the known R. palustris hopanoids (Fig. 1A and 2) . Therefore, the lack of hopanoid production in the ⌬shc strain was due only to the deletion of shc.
Lack of hopanoids results in increased membrane permeability. Because hopanoids have been shown to localize to the inner and outer membranes of some bacteria (21, 24, 54), we hypothesized that a lack of hopanoids might lead to membrane damage in R. palustris. A strong indicator of outer membrane damage and permeability in gram-negative bacteria is sensitivity to bile salts and certain antibiotics (2, 51). As seen in Fig. 3 , growth of the ⌬shc mutant was inhibited in the presence of bile salts, while growth of the wild type and complemented strains was not. The mutant strain is also sensitive to the antibiotics erythromycin and rifampin (rifampicin), both inhibitors of protein synthesis (51). The ⌬shc strain had a 7-mm zone of inhibition with erythromycin, while both TIE-1 and the complemented strain were resistant to the antibiotic (data not shown). The wild-type strain did display some sensitivity to rifampin, with a zone of inhibition of 5 mm. However, the zone of inhibition in the deletion strain increased to 10 mm, indicating that the lack of hopanoids increased sensitivity (data not shown). Together, these data demonstrate that hopanoids may be important in decreasing membrane permeability and, like Hopanoids are important in the stationary phase of chemoheterotrophic growth. The ⌬shc mutant was able to grow on all growth substrates tested. Although photoautotrophic and photoheterotrophic growth were slightly slower in the ⌬shc mutant than in the wild-type strain (Table 3) , the deletion strain was still able to achieve the same final OD. Thus, hopanoids are not required for photosynthesis in R. palustris.
The growth rate during aerobic chemoheterotrophic growth was the same in the deletion mutant as in the wild-type strain (Table 3) . However, a significant drop in OD was observed when cells entered stationary phase during chemoheterotrophic growth (Fig. 4A) . Transmission electron microscopy images of both the wild type and deletion mutant illustrated that the ⌬shc strain was severely damaged in stationary phase but not in exponential phase (Fig. 4C and D) . This morphological defect in stationary phase may explain the observed drop in OD.
The ⌬shc mutant is sensitive to alkaline conditions. Several studies with E. coli have demonstrated that the pH of rich media, such as LB or YP, increases in stationary phase (11) . We reasoned that the drop in OD and the morphological damage seen in stationary phase for the ⌬shc mutant might be due to an increase in pH. We measured the pH of the growth medium at the beginning and end of chemoheterotrophic growth and found that the pH had increased from 7.2 to 8.2 for both TIE-1 and ⌬shc (Fig. 4A) . The growth experiment was repeated in YP medium buffered with 100 mM MOPS at pH 7. In the buffered medium, the pH remained constant throughout the growth curve and the drop in OD observed in unbuffered medium no longer occurred (Fig. 4B) . This indicated that the growth defect of the ⌬shc mutant in stationary phase was related to the increase in pH.
To determine if the drop in OD observed in the ⌬shc mutant was specific to stationary-phase cells and alkaline conditions, both strains were grown in YP medium buffered at pH 4.5, 5, 6, 8, or 9. Because the medium was buffered, the pH should have remained constant throughout growth and the cells would have experienced either acidic or alkaline stress. Neither the wild type nor the mutant was able to grow at pH 9 (Fig. 5) or at pH 4.5 (see Fig. S1 in the supplemental material). Both strains were able to grow at pH 5, 6, and 8, but the ⌬shc mutant had a growth defect at pH 5 and pH 8 (Fig. 5) . Taken together, these data indicate that the wild type may be sensitive to both acidic and alkaline stress and that the decreased membrane permeability of the ⌬shc mutant may aggravate this sensitivity. Interestingly, the growth of the ⌬shc mutant was similar to that of the wild type during exponential phase under each pH tested. It was primarily during stationary phase that the behavior of the strains deviated from one another, particularly at pH 8. Hopanoids thus seem to be most relevant in protecting stationary-phase cells from pH stress.
pH stress inhibits phototrophic growth in the ⌬shc mutant. The high cell density of stationary-phase cultures often results in oxygen-limiting conditions (45) . Given that oxygen limitation stimulates the transition from aerobic chemoheterotrophic growth to anaerobic phototrophic growth in R. palustris (7) , it seemed likely that chemoheterotrophically grown TIE-1 cells in stationary phase were switching from oxic growth to anoxic growth. This was confirmed by the presence of photosynthetic lamellar membranes, whose development is stimulated by oxygen deprivation (7), in stationary-phase TIE-1 cells but not in exponential-phase cells (Fig. 4C and D) . Therefore, we hypothesized that the acidic and alkaline growth defect observed primarily in stationary-phase ⌬shc cells may have been related to phototrophic growth. To test this, we grew ⌬shc and TIE-1 cells photoheterotrophically in 10 mM acetate buffered with 50 mM MES at pH 4.5, 5.0, 5.5, and 6.0 and buffered with 50 mM HEPES at pH 6.5, 7.5, 8, and 8.5.
Both the wild type and the ⌬shc strain were unable to grow at pH 5.0 or lower (see Fig. S2 in the supplemental material) , but the wild-type strain was able to grow to a maximum OD 600 of 1.5 when grown at pH 5.5 or higher (Fig. 6) . Wild-type cells grown at pH 6.0, pH 8.0, and pH 8.5 exhibited an extensive lag phase compared to growth at pH 6.5 or 7.5, indicating that wild-type cells grown photoheterotrophically, like cells grown chemoheterotrophically, were also sensitive to both acidic and alkaline conditions. While the ⌬shc strain had growth characteristics similar to those of the wild type at pH 6.5 and 7.5, the mutant strain had a much longer lag phase at pH 6.0 and pH 8.0 and did not grow at pH 5.5 or pH 8.5 (Fig. 6) . Therefore, while hopanoids are not required for photosynthetic growth at neutral pH, these data indicate that they are required for photosynthetic growth at acidic or alkaline pH. Transcription of the shc gene is minimally affected by pH shock. Given that hopanoids play a role in protecting TIE-1 cells against exposure to high and low pH, we sought to determine whether this role was regulated in response to pH. If hopanoids were specifically required for coping with alkaline stress in stationary phase, we hypothesized that transcription of the shc gene would be upregulated during stationary phase in unbuffered medium. To test this, TIE-1 cells were grown chemoheterotrophically in unbuffered YP medium and RNA was isolated from samples taken during exponential phase (17 h; pH ϳ7) and stationary phase (72 h; pH ϳ7.8). qRT-PCR was used to measure shc transcript levels in stationary-phase cells relative to log-phase cells, with a change in transcript levels greater than 2-fold or less than 0.5-fold considered significant. Although the ⌬shc mutant exhibited a severe growth phenotype in stationary phase, transcription of the shc gene did not increase in stationary phase but rather remained constant, with an average change in expression of 0.7-Ϯ 0.2-fold (data not shown).
To determine if pH stress would increase the expression of shc, transcript levels of shc were also measured after TIE-1 cells had been shocked with acidic or alkaline medium. TIE-1 cells were grown chemoheterotrophically (buffered at pH 7) or photoheterotrophically (buffered at pH 6.5) to stationary phase. The cells were then shocked for 30 min in the same medium buffered at acidic, neutral, or alkaline pH. qRT-PCR was used to measure shc transcript levels under each shock condition relative to the neutral-pH incubation. As shown in Fig. 7A , we observed slight shifts in shc expression when chemoheterotrophically grown cells were shocked at pH 5 and 9. However, we did not observe any significant changes in shc expression under any pH shock condition for photoheterotrophically grown cells (Fig. 7B) .
Total hopanoid production is not regulated by growth phase or pH. There are several possible reasons why increases in shc transcript levels during stationary phase or pH shock might not be physiologically important. First, the shc gene may be regulated posttranscriptionally, which qRT-PCR cannot detect. Alternatively, the shc gene may be constitutively expressed, which would prevent significant changes in transcript levels from one condition to another. If this were correct, then we would expect to see similar amounts of hopanoids produced under all conditions. To test this, the total hopanoid content was quantified in chemoheterotrophically and photoheterotrophically grown TIE-1 cells harvested during log phase and stationary phase, as well as cells incubated overnight under acidic or alkaline conditions.
Consistent with the qRT-PCR data, similar amounts of hopanoids were produced during log phase and stationary phase of chemoheterotrophic and photoheterotrophic growth (Table  4) . We observed a significant increase in methylation at the C-2 position during stationary phase under both growth conditions (Table 4 , 2-Me). A similar result was seen when chemoheterotrophically grown cells were transferred to alkaline pH. The amounts of hopanoids produced were the same under each pH; however, methylation at C-2 increased when the cells were subjected to alkaline conditions. In particular, methylation of one subset of hopanoids, the bacteriohopanetetrols, increased more than twofold at pH 9 compared to incubation at pH 7. These data, along with the qRT-PCR data, indicate that shc is constitutively expressed. Furthermore, these data suggest that the modification of hopanoids, such as methylation at C-2, changes in response to growth conditions.
DISCUSSION
Although hopanoids have been hypothesized to be sterol analogs in bacteria, the true physiological roles of these molecules have received little direct attention. A few studies have proposed that hopanoids are necessary for maintaining membrane integrity, as well as coping with external stresses, such as ethanol tolerance in Z. mobilis (19) , oxygen diffusion in Frankia sp. (4) , and prevention of water diffusion into Streptomyces spores (44) . In vivo genetic studies with Bacillus subtilis have shown that sporulenes, polycyclic terpenoids similar to hopanoids, may be important in alleviating oxidative stress in spores (6) . However, no in vivo genetic studies have been used to address the function of hopanoids in any strain, much less photosynthetic bacteria, which are of special interest to geobiologists. Given the ubiquity and abundance of hopanes in the rock record and their role as organic proxies for ancient bacterial life and metabolism, particularly oxygenic photosynthesis, it is important to understand how these molecules are used by photosynthetic bacteria. Therefore, we set out to determine the physiological role of hopanoids in the genetically tractable anoxygenic phototroph R. palustris TIE-1. Deletion of the squalene-hopene cyclase gene in R. palustris TIE-1 resulted in a strain that no longer produced any hopanoids. Physiological studies of the ⌬shc mutant revealed that hopanoids are not required for growth in R. palustris TIE-1, as the mutant had growth characteristics similar to those of the wild type under standard chemoheterotrophic, photoautotrophic, and photoheterotrophic conditions. This demonstrates that hopanoids are not directly involved in anoxygenic photosynthesis and suggests that they may not be appropriate biomarkers for photosynthesis more generally.
The sensitivity of the ⌬shc mutant to acidic and alkaline conditions was unexpected, given that R. palustris TIE-1 was isolated from an iron-rich mat located in a marsh with a pH range of 6 to 7 (22) . Because the majority of R. palustris strains have been isolated from freshwater marsh sediments, it seems unlikely that hopanoid production evolved in these organisms as a mechanism to overcome pH stress (32, 33) . This is consistent with our finding that hopanoid production is not regulated by acidic or alkaline conditions. Total hopanoid production remained constant when TIE-1 cells were exposed to high pH, either during stationary-phase growth or when they were shocked for a short time. If hopanoid production is not directly affected by pH stress, then what role might these molecules play in helping TIE-1 survive under acidic or alkaline conditions?
Studies of E. coli have demonstrated that acidic and alkaline exposure induces heat shock and SOS cellular responses, showing that extreme pH can be stressful for bacteria (13, 29, 52, 58, 63) . The main effect of exposure to high or low pH is an immediate shift in the cytoplasmic pH, which the cell must readjust to maintain the optimal function and integrity of cytoplasmic proteins (37, 62) . Several studies have revealed that cells are able to buffer their cytoplasmic pH immediately through the use of sodium/proton antiporters, symporters, and efflux pumps that transport protons in and out of the cytoplasm and, as a result, adjust the pH to more favorable conditions (10, 15, 28, 38) .
Because cations and protons play important roles in alleviating acidic and alkaline stress, it is plausible that some bacterial cells have developed secondary mechanisms to prevent the accidental loss of protons and other cations. In particular, alkaliphilic Bacillus spp. have been shown to produce secondary wall polymers that associate with the peptidoglycan layer and presumably are able to bind cations and enhance their availability for pH homeostasis (1, 14) . These bacteria also have high levels of squalene in their membranes, and it has been proposed that the high levels of this lipid might lower the permeability of protons across the lipid bilayer (18) .
Interestingly, this same role has been put forward for both hopanoids in bacteria and sterols in eukaryotes (17) . It has been proposed that both sterols and hopanoids may be able to pack the hydrophobic centers of lipid bilayers, preventing the loss of protons as charged water (17) . Therefore, hopanoids may have an indirect but critical function in extreme-pH tolerance by preventing the unintentional loss of cations and protons across the inner and outer membranes. If this is true, then we might expect the lack of hopanoids to result in leaky membranes, making antiporters and overall pH homeostasis less efficient. The transmission electron microscopy images of the ⌬shc mutant ( Fig. 4C and D) , together with its sensitivity to bile salts and specific antibiotics, imply that the membranes of the ⌬shc mutant are damaged. Because the wild type is already somewhat sensitive to acidic and alkaline conditions, the increased membrane permeability resulting from the lack of hopanoids in the ⌬shc mutant likely exacerbates this sensitivity. It remains unclear why this would affect phototrophically grown cells more than chemoheterotrophically grown cells. Because phototrophic growth induces the production of lamellar membranes for photosynthesis (7) , under these growth conditions, more membranes are present. It is conceivable that more protons and cations might leak in the hopanoid mutant during phototrophic growth simply because there is a larger membrane area. Under these conditions, antiporters might be even less efficient, and the cell would be unable to neutralize its cytoplasm, which would result in impaired growth.
The constitutive expression of shc shows that hopanoids are produced under all growth conditions. It is interesting that while the total amount of hopanoids produced remains constant, the percentage of hopanoids methylated at C-2 increases significantly as cells shift from exponential to stationary phase, as well as in response to pH shock (Table 4) . This suggests that it may be how hopanoids are modified rather than their total abundance that is important when bacteria encounter environmental stress. This agrees with what has been proposed for other hopanoid-producing bacteria. In A. acidocaldarius, a thermophilic acidophile, it was found that increasing temperature and decreasing pH did not alter the total amount of hopanoids produced, but production was shifted toward hopanoids with extended side chains (43) . In Frankia sp., hopanoids were localized primarily to the nitrogenase vesicle; however, nitrogen-depleted conditions did not result in increased hopanoid production. It was speculated that nitrogen limitation causes hopanoids to congregate in the nitrogenase vesicle (4, 30) .
In summary, our data suggest that hopanoids, like sterols, may be important in maintaining membrane integrity and for modulating membrane permeability. However, we do not yet know whether these effects are direct or indirect. It is possible that the lack of hopanoids altered the membrane architecture and/or the membrane protein content of the ⌬shc mutant and that the phenotypes we observed resulted from these effects. Furthermore, our study did not distinguish which cyclic triterpenoids might be important for membrane permeability. Because R. palustris produces a variety of hopanoid molecules, as well as tetrahymanol, more work is needed to address how methylation and side chain modifications of the core hopanoid structure affect the functions of these molecules in R. palustris and other hopanoid-producing bacteria. These and other aspects of the cell biology of hopanoids will be the subjects of our future research.
